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Outline
• Part 1: Overview of GEOS and MERRA-2
• Reanalysis Background
• Assimilation of Observations and the Incremental Analysis Update (IAU)
• Features of MERRA-2
• Part 2: Influence of Boundary Conditions and Observations in the MERRA-2 
Atmospheric Model over the Arctic Ocean
• Background and Motivation
• Role of observations on near-surface temperature
• AMIP-style experiment to target the impact of sea ice concentration
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Atmospheric Reanalyses
• Atmospheric analyses were developed to initialize 
numerical weather forecasts
• An atmospheric reanalysis takes the historical record of 
observations, and analyzes the weather each day with 
the latest technology, developing a long record of data 
with a consistent system
• Consistent global and temporal coverage
• Produces data not easily observed, can continue 
through to the present
• Valuable application of NASA’s satellite observations
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• GMAO’s most recent atmospheric reanalysis of the modern satellite era
• Advances over its predecessor, MERRA (terminated 29 Feb 2016)
▸ Many more observations
▸ Model and analysis improve representation of hydrological cycle, minimize 
impact of observing system changes
• Focus on non-meteorological aspects as a pathway to a more 
complete Earth system reanalysis
▸ Representation of cryospheric processes
▸ Aerosol data assimilation
▸ Use of NASA observations in the stratosphere, especially ozone
• Well documented, including a special collection in J. Climate
• 50 km spatial resolution, hourly for single level variables, 3 hourly for 3-D
Progress from MERRA to MERRA-2
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A Challenge for Reanalyses is the Change in the 
Observing System
~ 1 million obs per 
analysis cycle
~ 5 million obs per 
analysis cycle
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• Aside from a 
general increase 
in observations 
over time, data 
types and 
satellites come 
and go!
• It is important to 
minimize the 
impact of 
removing a data 
type or adding 
one in
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McCarty et al., 2015
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• Precipitation itself is not constrained by observations, but rather is model generated
• MERRA-2 has fewer/small spurious changes than MERRA despite more 
observations
• SSM/I impacts winds over the ocean, and therefore evaporation -> bump in precipitation
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• Precipitation itself is not constrained by observations, but rather is model generated
• MERRA-2 has fewer/small spurious changes than MERRA despite more 
observations
• SSM/I impacts winds over the ocean, and therefore evaporation -> bump in precipitation
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Precipitation in MERRA-2
• Used for the land surface as well as 
aerosol deposition
• Nudges MERRA-2 precipitation toward 
observations from the CPC Merged 
Analysis of Precipitation (CMAP), Unified 
Gauge-Based Analysis of Global Daily 
Precipitation (CPCU), and Global 
Precipitation Climatology Project product, 
version 2.2
• Results in improvements to the 
hydrological cycle and surface temperature
• Example: MERRA-2 rains excessively over 
high terrain, which gets toned down
Reichle et al., 2017, J. Clim.
Mean over 1980-2015
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Improvements in the Representation of Summertime 
Precipitation
Gelaro et al., 2017, J. Clim.
• MERRA-2 precip. performs better than MERRA in most US regions, improved anomaly correlation especially in MW
Extreme Precipitation EventsU.S. Regional Precipitation
Closeness: Blue = MERRA-2 is better
(mm/day)
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Aerosol Assimilation in MERRA-2
Randles et al., 2017, J. Clim.
MERRA-2 is the first multi-decadal global reanalysis to include aerosols alongside meteorology
AVHRR (Ocean only)
MODIS (Terra Ocean)
MODIS (Terra Land)
MISR
AERONET (Ground-based)
MODIS (Aqua Ocean)
MODIS (Aqua Land)
AVHRR only
MODIS aboard Terra     Aqua
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Volcanic aerosols in 
MERRA-2
Randles et al., 2017, J. Clim.
Buchard et al., 2017, J. Clim.
• First aerosol assimilation to include major 
historic volcanic events
• Movie shows the co-evolution of gaseous SO2 
emissions from Pinatubo (left) and formation of 
the the sulfate aerosol plume (right) as SO2 is 
converted into particles.
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Data is easily accessible!
https://disc.gsfc.nasa.gov
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Data is easily accessible!
https://fluid.nccs.nasa.gov/reanalysis
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MERRA-2 Summary
• Model and data assimilation developments included in MERRA-2 
support a wide range of research and applications and address 
shortcomings of previous reanalyses
• Major highlights include:
ü Decrease in impact of observing system changes
ü Improvements in the representation of the hydrologic cycle
ü Interactive aerosol data assimilation 
ü Progress in representation of the cryosphere
ü Improvements in stratospheric circulation
ü Inclusion of Aura-era ozone observations 
Not discussed in 
this presentation
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Part 2: Influence of Boundary Conditions and Observations in the 
MERRA-2 Atmospheric Model over the Arctic Ocean
Global Modeling and Assimilation Office
gmao.gsfc.nasa.govGMAO
National Aeronautics and Space Administration
An Intercomparison of Annual Mean Arctic 2 m Temperature
 
70°N 
80°N 
Beaufort 
Sea 
Chukchi 
Sea 
E. Siberian 
Sea Laptev 
Sea 
Kara 
Sea 
Barents 
Sea 
Greenland 
Sea 
0°E 
90°E 
180°E 
90°W 
Bering Sea 
North Atlantic 
Ocean 
Baffin 
Bay 
Motivation #1:
 
 
 
Figure 3. Time series of annual 2m temperature averaged over Arctic Ocean domain from 
12 reanalyses, in K. Corresponding  AIRS-AMSU and ISCCP 2m air temperature are 
also shown. 
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Collow et al., in prep.
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Figure 6. Averaged Arctic Ocean 2m air temperatures for winter months December-
January-February 1980-1993. 
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Motivation #1, cont.:
K
• Common period for 
all reanalyses
• A seasonal cycle 
exists in the 
discrepancies among 
reanalyses, with the 
largest spread during 
winter
• Mean has a nearly 6k 
spread during DJF
• Treatment of sea ice 
is important!
Collow et al., in prep.
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Regarding MERRA-2 :“results are not discussed at length, as 
several issues render this reanalysis a clear outlier in terms of 
trends.”
“MERRA-2 agrees quite well with the other datasets from 
2009 onwards, when it uses the same OSTIA SST analysis as 
ERA-Interim, but it also exhibits shifts associated with 
changes in SST analysis”
“Although newer reanalyses are expected generally to perform 
better than older ones, ERA-Interim and JRA-55 have been 
shown here to perform more consistently with each other and 
with the conventional surface temperature datasets than the 
newer MERRA-2 does.”
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• Observations indicate 
that extreme precipitation 
events are becoming 
more frequent in the 
Northeast
• MERRA-2 confirmed that 
the storms tracks 
associated with extreme 
events had also changed 
over time
• What could be behind 
this?
• Does it impact other 
aspects of the climate?
Collow et al., 2016
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Subsequently, papers were being written left and right on the topic!
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Motivation #2, cont.
Uh oh…M2AMIP doesn’t have Arctic Amplification!
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Science Questions
1. What is the role of assimilated observations on near surface temperature 
throughout the MERRA-2 time series?
2. What would happen to the near surface temperature in the Arctic if we 
replaced SST and SIC in M2AMIP with ERA-I? Will Arctic Amplification 
occur?
Global Modeling and Assimilation Office
gmao.gsfc.nasa.govGMAO
National Aeronautics and Space Administration
Role of Observations on near Surface Temperature in MERRA-2
DTDTANA = measure of how 
much the observations 
influence the analyzed 
temperature
• Obs try to cool the temperature 
more in the 1980s than the 2000s
• Jump during SON not present 
above 1000 hPa, coming from 
lowest model level 
• Character change in seasonal 
cycle in 2006
Collow et al., in prep.
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Role of Observations on near Surface Temperature in MERRA-2
• Assimilated obs also include ships, 
aircraft, radiances…but these are limited 
and do not influence the surface much
• Buoys deployed in 2006 for International 
Polar Year
Analogous figure for 1980s 
would essentially be blank!
OMF=Difference between observation and 
model forecast
Collow et al., in prep.
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Boundary Conditions in MERRA-2 and ERA-I
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Collow et al., in prep.
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M2AMIP M2AMIPERA
• MERRA-2 AGCM
• Emissions
• Run hourly at ½ 
degree resolution
• January 1980-
December 2016
• No Assimilation
• SST and SIC 
from ERA-I at 1˚
• 5 Ensemble 
Members
• SST and SIC 
from MERRA-2 
at 0.5˚
• 10 Ensemble 
Members
AMIP-style Experiments
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M2AMIPERA – M2AMIP for DJF 1980-2016
• ERA-I makes some assumptions regarding SIC
• Between 1 January 1989 and 31 January 2009, SIC=1 
north of 82.5°N 
• SIC less than 0.2 = 0 between 1 January 1979 and 31 
December 1988, as well as after 1 February 2009 
Global Modeling and Assimilation Office
gmao.gsfc.nasa.govGMAO
National Aeronautics and Space Administration
DJF SON
Seasonal Mean 2 m Temperature Over the Arctic Ocean
• Members of AMIP simulations indistinguishable after 2009
• Jump in 2005 related to change within the sea ice product
• M2AMIPERA has Arctic Amplification!
• Which is best? None of the above!
Collow et al., in prep.
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M2AMIPERA minus M2AMIP for DJF 2010-2016
Less ice More evaporation More clouds
More 
downwelling 
LW
Sea ice boundary, result of differing resolutions
Collow et al., in prep.
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Science Questions
1. What is the role of assimilated observations on near surface temperature 
throughout the MERRA-2 time series?
• Observations are few and far between, especially prior to 2006
• Those that are assimilated cool the Arctic, but somewhat locally
• More observations are needed to fully constrain temperature in the Arctic
2. What would happen to the near surface temperature in the Arctic if we 
replaced SST and SIC in M2AMIP with ERA-I?
• Arctic amplification occurs
• Unrealistic sea ice impacts other aspects of the climate in the central 
Arctic
• Still too warm
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Summary and Conclusions
• Reanalyses use a prescribed sea ice cover, but a consistent and accurate 
forcing data set is not available
• In reality, clouds, radiation, albedo, atmospheric profiles, etc. contribute to 
sea ice concentration, but this is not represented by reanalyses
• A deficiency in the model surface representation within MERRA-2 is 
somewhat masked by data assimilation
• What is the best dataset for Arctic 2 m temperature? The real answer is 
complex. Each one has its own strengths and weaknesses
• Avenues for improvement include better treatment of boundary conditions; 
improved representation of surface processes, such as in a coupled model
Thank you!
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Animation for the 0z analysis cycle on 10 Dec 2014
